Abstract. Anthropogenic emission of SO 2 and conversion into SO42-is argued to be the most important factor damping and modulating the global greenhouse effect. Recent estimates of the relative strength of the three important sources of volatile sulfur (SO2 from fossil fuel combustion -78 Tg S/yr, from biomass burning -2 Tg S/yr, and from natural sources ~ 25 Tg S/yr) suggest an overwhelming effect of the anthropogenic emissions for climate forcing. However, the radiatively relevant product SO42-may have different patterns due to the distribution of the sources (some very dense areas near the surface for anthropogenic SO 2, formation of SO 2 from dimethylsulfide in the marine boundary layer, and emission of volcanic SO2 mostly in the free atmosphere in rural areas). In this paper we study the relative contribution of volcanic SO2 emissions to the atmospheric sulfur budget applying an atmospheric general circulation model including a full sulfur cycle and prescribed source distributions. An off-line analysis tool is applied to determine the radiative forcing of sulfate aerosols. The results show that natural S sources are at least as important as the anthropogenic ones, even though their source strength is much smaller. The reasons are different lifetimes due to different production and emission processes. Therefore, we should improve our knowledge about the volcanic volatile sources and their time-space variability.
Introduction
The role of aerosols in climate change has been emphasized recently in publications of estimates of the direct [Kiehl and Briegleb, 1993] and indirect [Boucher and Lohmann, 1995] radiative forcing of sulfate and sensitivity studies with climate models [Taylor and Penner, 1994; Roeckner et al., 1995; Mitchell et al., are more concentrated in biologically productive areas of the oceans (e.g. in the upwelling areas and in high latitudes). In contrast, the volcanic sources are organized around the globe at the edges of crustal plates (Figures la and lb) . Since the atmospheric residence time of sulfur species is of the order of 1-2 weeks, the anthropogenic, volcanic, and oceanic sulfate aerosols are well separated geographically.
Even though the natural sources contribute only 1/4 to the total atmospheric sulfur budget, most of them are in remote areas, where the aerosol load is low, and therefore the formation of new particles is more likely than in polluted regions. Additionally, the proximity of the natural sulfur sources to the oceans increases the impact on the radiative fluxes, since maritime clouds are more strongly affected by sulfate aerosols than continental clouds [Platnick and Twomey, 1994]. Maritime clouds which form in aerosol poor air develop large droplets, while the abundance of condensation nuclei over the continents produces more and smaller cloud droplets which reflect incoming solar radiation much more effectively. Therefore the addition of S compounds in marine areas may influence the cloud reflectivity as well as the lifetime of clouds and thus the energy budget at the Earth surface.
In climate research so far the effects only of cataclysmic volcanic eruptions have been studied [e.g., Hansen et al., 1992; Graf et al., 1993] which have the potential to inject aerosol-forming gas directly into the stratosphere producing short-term (few years) climatic effects. Quiescent degassing and moderate eruptions, however, have a long-term effect on the atmospheric composition, and chemical and radiative effects are to date poorly understood. However, these quasi-continuous background emissions may have even stronger climatic impact than the cataclysmic eruptions. The latter ones will not significantly influence the tropospheric sulfur budget. Therefore, for this study we concentrate on smaller eruptions and quiet degassing. In many volcanically active areas volcanic emissions contribute significantly to the total emission of sulfur species. In Guatemala, for example, about 0.15 x 106 t S/yr sulfur dioxide are degassing [Andres et al., 1992] In Section 2 we discuss the time-space distribution of volcanic volatile sulfur sources as estimated in several papers on this topic. The best estimate will then be used in a climate sensitivity study in order to investigate the regional and global scale potential effects of the volcanic source on the aerosol content of the atmosphere and on climate. The model is decribed in Section 3 and the resulting sulfate budget is discussed in Section 4. In Section 5 we present estimates of the direct and indirect sulfate forcing and discuss the potential impact of volcanic emissions on climate. I I  I I I  I I I  I I I  I I I  I I I  '1 I I  I I I   0 ø  40øE  80øE  120øE  160øE  160øW  120øW  80øW determined by thermodynamic conditions (pressure, temperature, and oxygen volatility). The different magma types are characterized by their chemical compositions. In general, the volatile content of basaltic magmas is lower than that in higher-differentiated magmas. In basalt magmas (especially in alkaline basaltic magmas) the sulfur content is much higher than in higher-differentiated ones, while the higher viscosity of the latter leads to more explosive energy released during eruptions. During the cooling of the rising magma, several components (e.g., H20, F, and C1) are enriched in the magma, while less soluble species like CO 2 and SO 2 can be exhaled in volatile forms from low-viscosity basaltic magmas [Greenland, 1984] . This noneruptive degassing can also be very efficient. During volcanic eruptions in most cases a higher fraction of SO 2 is emitted than that corresponding to the SO 2 content of the erupted magma. This discrepancy may be explained by degassing of the magma remaining inside the volcano. A typical phenomenon connected with any kind of volcanic activity is the high temporal variability of the release rate. Besides water vapor and CO 2, SO 2 is the most important volatile being emitted. SO 2 is the only volcanic gas that frequently is observed with remote sensing techniques (correlation spectrometer, Lidar).
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Volcanic Sulfur Emission
In the troposphere, SO 2 is quite short-lived as it is efficiently deposited at the ground or transformed into sulfate. In particular, SO 2 dissolved in cloud droplets is quickly oxidized. Therefore the regional (scale about 2000 km) SO 2 distribution is strongly determined by the sources. Unfortunately, these regional figures show a substantial variability. Even at a certain spot, at a volcanic site which is known to be active, the source strength of SO 2 can vary over some orders of magnitudes depending on the phase of activ- Berresheim and Jaeschke [1983] separated four categories of quiescent volcanic degassing. Preeruptive degassing with a timescale of days to weeks is a characteristic intensification of volcanic activity before an explosive eruption, including increased fumarolic activity. Between paroxysmal eruptions the intraeruption phase lasts over hours to days, but sometimes this phase occurs repeatedly. After the explosive activity has ended, the volcano exhibits posteruption activity with permanent fuming and increased fumarolic activity. After this phase for years to centuries the extraeruption activity with fumarolic and solfataric activity continues.
Berresheirn and Jaeschke [1983] did not consider the preeruption and intraeruption phases in their estimation of volcanic sulfur sources since they quoted these phases to be too short-lived. The total emission of sulfur dioxide in sulfur units to the troposphere from volcanic sources is given in an order of magnitude estimate in Table 4 . These values are subject to large temporal and spatial variations, since volcanic activity varies. Singular events, like the Laki eruption from 1783-1784 can produce magnitudes higher emissions. Thordarson and Self [ 1993] give a value of 115 Tg SO 2 that remained in the troposphere and were removed as fallout and acid rain during summer and fall 1783. The Laki eruption rates following Thordarson and Self [1993] were 0.5-1.5 Tg of SO2/d. Such events, however, are rare and cannot be included in an estimate of the "background" volcanic sulfur source. Also not considered is the impact of paroxysmal eruptions which also have to be considered as singular events. The (subjective) estimated accuracy in Table 4 
Model Results of the Sulfur Budget
Global Budgets Table 6 shows the annually and globally averaged SO 2 and SO42-vertical columns and the sulfur deposition by rain as well as The annual and global mean contribution to the wet deposition flux from volcanic sources mounts to about 30% (see Table 6 ).
However, the total sulfur deposition flux is higher than 500 mg/m 2 only in regions with high anthropogenic emissions, that is, eastern United States, Europe, and southeast Asia (Figure 4a ) where volcanic contributions are low (Figure 4b) . The only region where we find high deposition fluxes as well as significant volcanic contributions is Malaysia and Indonesia. Unfortunately, no observations are available in this region. Generally, surface observations are not well suited for the detection of the volcanic impact on the atmospheric sulfur budget. Since measurements in the free atmosphere are not yet available, our model results cannot be directly evaluated.
In spite of the weak volcanic signal at the surface, volcanic emissions contribute significantly to the global sulfate burden (36% globally). 
Radiative forcing Diagnostic Tools
The direct and indirect radiative forcing of sulfate aerosols from different sources is determined using a new off-line analysis tool [Langmann et al., 1997] . This diagnosis scheme was developed in order to estimate the radiative impact of aerosols, including cloud elements, in a very efficient computational way. For the short wave part of the solar spectrum (0.2-5.0 pm) the 5-Eddington approximation is applied for a set of 18 wavelength intervals. Unequal spectral interval length as well as spectral data for imporand scatterers, in particular clouds, is taken from Briegleb [1992] . This parameterization explicitly related cloud radiative properties to the cloud droplet properties (liquid water path and effective radius). The long wave effect of sulfate aerosols is not considered here as we only look at the solar radiative forcing.
Optical properties of the dry sulfate aerosol were determined by I. Schult (personal communication, 1996) , from Mie theory calculations, assuming a zero order logarithmic size distribution with a mean particle radius of 0.05 lxm and a geometric standard deviation of 1.8. In addition, the particle density was set to 1.6 gcm -3 for an aerosol mixture of 75% H2SO 4 and 25% H20. The resulting wavelength dependent values for specific extinction, single scattering albedo, and asymmetry parmeter agree almost perfectly with the data given by Kiehl and Briegleb [1993] (Table 7) impact on solar radiation. The anthropogenic contribution to the total effect is about 7% larger than the volcanic, which again is 7% above that of the DMS sources. Sulfate from biomass burning is neglectible for the radiative forcing (Figure 6 ). It has some influence, however, in areas of otherwise less sulfate concentration like, for example, parts of tropical West Africa, the Gulf of Guine, and tropical South America. Becausse of the emission structure, anthropogenic sulfate effects dominate the NH throughout the year, while DMS products have their strongest radiative effects in austral summer on the SH, where they make up about 50% of the total forcing. The changes of volcanic sulfate radiative forcing are comparably small both during the annual cycle and over the hemisphere. If the influence of ambient air humidity on the optical parameters of sulfate aerosol is not taken into account, the total forcing decreases by a factor of about 2.
Indirect Radiative Forcing Results
The indirect radiative forcing (Figure 7 ) via the modification of the optical properties of clouds in general is at least as large as the direct effect. Generally, it is even stronger. It is thus important to improve our basic knowledge of this impact factor. As already mentioned, the relative contributions of the single sulfate sources to cloud reflectivity are determined by subtraction of the respective sulfur source from total sulfur. Therefore, in some regions, saturation effects occur. For a constant liquid water path a maximum of backscattering of solar radiation by cloud droplets is already reached by a specific sulfate mass concentration, which is frequently less than the total sulfate mass. Thus our estimate for the indirect effect of anthropogenic sulfate is smaller compared to Boucher and Lohmann [1995] . Especially, in the NH the higher amount of volcanic sulfate obtained in our computations competes with anthropogenic sulfate in modifying cloud droplet properties.
It is interesting to note that in case of higher natural sources of sulfate the anthropogenic impact on the short wave radiation due to additional sulfate particles may be diminished. The indirect radiative effects are less homogeneously distributed than direct effects. In cloud-free areas, of course, there is no effect, but cloud- properties of a H20/H2SO 4 mixture are reasonable for the volcanic source, which is located at higher altitudes in an otherwise mostly unpolluted atmosphere. For the other sulfate sources, interactions with other components (sea salt for DMS-generated sulfate, ammonia for anthropogenic sulfate) and modifications of the optical properties have been ignored but should be considered in future studies.
